We present simultaneous observations of H 2 O maser emission and radio continuum at 1.3 cm carried out with the Australia Telescope Compact Array towards two sources, IRAS 16333−4807 and IRAS 12405−6219, catalogued as planetary nebula (PN) candidates, and where single-dish detections of H 2 O masers have been previously reported. Our goal was to unambiguously confirm the spatial association of the H 2 O masers with these two PN candidates. We detected and mapped H 2 O maser emission in both fields, but only in IRAS 16333−4807 the maser emission is spatially associated with the radio continuum emission. The properties of IRAS 16333−4807 provide strong support for the PN nature of the object, hereby confirming it as the fifth known case of a H 2 O maser-emitting PN. This source is bipolar, like the other four known H 2 O maser-emitting PNe, indicating that these sources might pertain to a usual, but short phase in the evolution of bipolar PNe. In IRAS 12405−6219, the H 2 O maser and radio continuum emission are not associated with each other and, in addition, the available data indicate that this source is an H ii region rather than a PN.
INTRODUCTION
Planetary nebulae (PNe) form at the end of the evolution of low-and intermediate-mass stars ( 8 M ⊙ ), after traversing the asymptotic giant branch (AGB) phase and a brief (≃1000 yr) post-AGB phase. During these last phases of evolution, maser emission of different molecules (e.g., H2O, OH, SiO) is found in the envelope of oxygen-rich stars (Richards 2012) . The presence of maser emission is indicative of energetic processes, such as strong radiation fields and shocks. In the particular case of H2O masers, this emission is common in oxygen-rich AGB stars and originates in the inner regions of the envelope, between 10 and 100 au from the central star (Reid & Moran 1981) .
It was initially thought that H2O masers disappear ⋆ E-mail:lucero@astro.noa.gr within ∼100 yr after the cessation of the strong mass loss (∼10 −5 M ⊙ yr −1 ) typical of the AGB phase (Lewis 1989; Gómez, Moran, & Rodríguez 1990) . This timescale implies that it is possible to find H2O masers during the post-AGB phase (Engels 2002) , albeit with a lower detection rate than in the AGB phase, but they were not expected to be found after entering the PN phase. However, four PNe have been found so far to harbour H2O masers: IRAS 19255+2123 (K3−35) (Miranda et al. 2001 ), IRAS 17347−3139 (de Gregorio-Monsalvo et al. 2004 , IRAS 18061−2505 , and IRAS 15103−5754 ).
All these H2O maser-emitting PNe (hereafter H2O-PNe) exhibit a bipolar morphology in the optical, infrared and/or radio continuum images with signs of pointsymmetry, suggesting that precessing bipolar jets could be involved in their formation (Velázquez et al. 2007 ; c 2014 RAS Lagadec et al. 2011) . In these objects, the H2O masers are usually located towards the central region (within ∼200 au), mostly aligned in a direction perpendicular to the main nebular axis defined by the bipolar lobes (Miranda, Suárez, & Gómez 2010) . This strongly suggests that these masers are related to dense equatorial structures (discs or toroids) around the central star (Uscanga et al. 2008) , although in IRAS 19255+2123 (K3−35) H2O maser emission was also detected at a few thousand au from the centre associated with the tips of the precessing bipolar jets in the object (Miranda et al. 2001) . In IRAS 15103−5754 the maser emission shows a completely different pattern, since it mainly traces a high-velocity (∼80 km s −1 ), collimated jet . This pattern allows the classification of IRAS 15103−5754 as a "water fountain", a class of sources that mainly includes post-AGB stars (Imai 2007) . Given the different structures traced by the maser emission, PNe with H2O masers are key to understand the change in the mass-loss regime in the transition from the AGB to the PN phase. Furthermore, H2O-PNe are most probably among the youngest PNe and, therefore, their study and the confirmation of new cases are crucial to understand the earliest stages of PN evolution. Suárez, Gómez, & Morata (2007) and Suárez et al. (2009) performed a single-dish survey of H2O masers towards post-AGB stars and young PN candidates. Their goal was to relate the presence of H2O masers with the evolutionary stage and the characteristics of the sources observed. The observations of the northernmost sources (Suárez et al. 2007) led to the detection of H2O maser emission towards the PN IRAS 18061−2505, later confirmed with the Very Large Array . For the southern part of the survey (Suárez et al. 2009 ), two additional sources catalogued as possible PNe, IRAS 16333−4807 and IRAS 12405−6219 (van de Steene & Pottasch 1993) , were found to be probably associated with H2O maser emission. However, the lack of enough angular resolution of the single-dish observations prevented to establish a clear association.
In this paper we present simultaneous observations of H2O maser emission and radio continuum at 1.3 cm carried out with the Australia Telescope Compact Array (ATCA) 1 towards IRAS 16333−4807 and IRAS 12405−6219. Our main goal was to confirm the association of H2O maser emission, previously detected with the Parkes antenna (Suárez et al. 2009) , with these two PN candidates.
OBSERVATIONS
Observations were carried out with the ATCA in its 6A configuration on 2013 February 12. The Compact Array Broadband Backend (CABB) of ATCA provides two independent IF bands of ≃ 2 GHz each, in dual linear polarisation. In our case, these two bands were centred at 22 and 24 GHz. We used the 64M mode of CABB, which samples each IF band into 32 wideband channels of 64 MHz each. The wideband channel containing the 616 −523 transition of the water molecule (rest frequency = 22235.08 MHz) was then zoomed in, by sampling it into 2048 channels, which provides a velocity resolution of ≃0.42 km s −1 , and a total coverage of ≃860 km s −1 for the spectral line. A summary of the observations is given in Table 1 . We used PKS 1253-055 as the bandpass calibrator. The absolute flux density scale was set using PKS 1934-638 as the reference. The uncertainty in the flux calibration is ≃ 10%. All broadband (continuum) data were calibrated and imaged with the MIRIAD package. To obtain the continuum maps presented in the figures of this paper, we processed together the whole 4 GHz frequency coverage, flagging out the broadband channel containing the maser emission. Dirty maps of the continuum emission were obtained with task "invert" of MIRIAD, applying frequency synthesis and a robust parameter of 0.5. Images were subsequently deconvolved with the CLEAN algorithm, as implemented in task "mfclean". Self-calibration was applied to these continuum images to improve their dynamic range. Final rms noise in the continuum maps were ≃ 40 µJy beam −1 . In the case of the spectral line data, initial calibration and imaging was also carried out with MIRIAD. Then, we selected the spectral line channel with the highest flux density, and applied self-calibration with the AIPS package of NRAO. Amplitude and phase corrections obtained were then copied to the whole line data set. A new continuum data set at ≃ 22 GHz was obtained by averaging the linefree channels. Although the sensitivity of this continuum data was lower than that in the broadband CABB data, it has the advantage of sharing the same corrections obtained from the self-calibration of the maser line. Therefore, the systematic astrometric errors and those due to atmospheric phase variations are the same in line and continuum. Deconvolved maps of line and narrow-band continuum emission were obtained with task IMAGR of AIPS, applying a robust parameter of 0. The typical rms for individual spectral line channels is ≃ 1800 µJy beam −1 while the rms for the narrow-band continuum is ≃ 59 µJy beam −1 . In this way, we can ascertain the relative position between the maser components and the maximum of the continuum emission with a very high accuracy, which is only limited by the noise in the images, in the form σpos = θ/(2 × snr), where σpos is the 1σ relative positional accuracy, θ is the size of the synthesized beam, and snr is the signal-to-noise ratio of the emission. In our case, the relative accuracies between the maser and the continuum emission were ≃ 0.4 and 0.8 mas for IRAS 16333−4807 and IRAS 12405−6219, respectively. Continuum emission was subtracted from the line data with task UVLIN of AIPS.
INDIVIDUAL SOURCES AND OBSERVATIONAL RESULTS

IRAS 16333−4807
Radio continuum and H2O maser emission have been detected towards IRAS 16333−4807. Fig. 1 presents the H2O maser spectrum while Fig. 2 shows the radio continuum map at 1.3 cm superimposed to the mid-IR image in the [Ne ii] filter (12.8 µm) by Lagadec et al. (2011) as well as the location of the H2O maser components. The radio continuum map at 1.3 cm shows a bright core . The H2O masers are located ≃0.1 arcsec northwest from the peak of the radio continuum (Fig. 2) , indicating a spatial association with the object. We note that the systemic velocity of the object is unknown and, therefore, we cannot establish whether the H2O masers arise in an equatorial structure or in a collimated outflow. Finally, the flux density of the H2O maser emission has increased from 1.8 Jy in 2007 (Parkes observations, Suárez et al. 2009 ) to 4.8 Jy in 2013 (ATCA observations, this paper).
IRAS 12405−6219
We detected H2O maser emission with a single spectral component (Fig. 1) (Fig.  3 ) similar to that of the infrared emission (Lagadec et al. 2011) . The H2O maser is located ∼6 arcsec southeast from the radio continuum source, showing that these emissions are not spatially associated.
Images from the Wide-field Infrared Survey Explorer (WISE) database show mid-IR emission that is dominated at all bands by the radio continuum source, but at the longest WISE wavelength (22 µm) there is a weak extension to- wards the location of the H2O maser. This suggests that the maser is probably associated with a different, highly obscured source.
As already mentioned, IRAS 12405−6219 was classified as a PN candidate from its radio continuum emission (van de Steene & Pottasch 1993). However, Lagadec et al. (2011) and Ramos-Larios et al. (2012) argue that the object is an H ii region. In particular, the cometary morphology observed at 1.3 cm and mid-IR images is unusual in PNe but common to H ii regions. The object is associated with extended and filamentary emission in near-IR images, as typically observed in young stellar objects (YSOs). These properties strongly support the classification of IRAS 12405−6219 as an H ii region. Regardless of the exact nature of the source, we can certainly rule out that the object is an H2O-PN, given the non-association between the maser and radio continuum emission. The presence of radio continuum emission and the infrared colours of this source are compatible with it being a PN but it could also be a massive YSO. In fact, it was included in the Red MSX Source (RMS) survey (Lumsden et al. 2013 ) as a candidate massive YSO, based on its MSX colours.
The RMS database 2 , however, indicates that it is a PN. The source is relatively isolated in infrared and submillimetre images (see, e.g., Ramos-Larios et al. 2012 and the RMS database). Specially in the case of mid-and far-infrared images, YSOs are associated with extended and filamentary structures, which are not present in IRAS 16333−4807. Moreover, as shown in the RMS database, there is no 13 CO emission towards the source (Urquhart et al. 2007) , whose presence would be expected in the case of a YSO embedded in a molecular cloud. This confirms that the source is an evolved object.
IRAS 16333−4807 exhibits a distinct bipolar morphology in the near-(Ramos-Larios et al. 2012), mid-IR (Lagadec et al. 2011) , and radio continuum images (Fig. 2) . This morphology is common in post-AGB stars and PNe, but it is rare in H ii regions. To ascertain its nature as a PN, as opposed to being a post-AGB star, we have to confirm the presence of photoionization. Considering the flux density we determined at ≃ 23 GHz (≃ 97 mJy) and that obtained by van de Steene & Pottasch (1993) at 5 GHz (32.5 mJy), we estimate a spectral index of ≃ 0.71 for the radio continuum emission between those frequencies. This spectral index is similar to the one obtained for the H2O-PN IRAS 17347−3139 (Gómez et al. 2005) and clearly indicates that the radio continuum is of thermal origin. Although such spectral indices may also arise from ionized jets, the flux density in IRAS 16333−4807 is too high to be explained in this way with reasonable mass-loss rates. As in the case of IRAS 17347−3139 (de Gregorio-Monsalvo et al. 2004 ), a mass loss rate ofṀ ≃ 10 −4 (D/kpc) 3/2 M⊙ yr −1 , where D is the distance to the source, would be required for a spherical ionized wind to explain the observed radio continuum emission (Wright & Barlow 1975; Panagia & Felli 1975) . Even assuming a collimated wind, and following the formulation by Reynolds (1986) , the required mass loss rate is as high as ≃ 3 × 10 −6 (D/kpc) 3/2 M⊙ yr −1 , and this is a lower limit, assuming that the wind is fully ionized. Despite the uncertainty in the distance, such mass loss rates are significantly higher than that expected from the central stars of PNe and post-AGB stars ( 10 −7 M⊙ yr −1 ; Patriarchi & Perinotto 1991; Vassiliadis & Wood 1994) . Therefore, the only remaining possibility to explain the observed radio continuum emission in IRAS 16333−4807 is that it arises from a photoionized region, confirming that the object is a PN.
Comparison with other H2O maser-emitting PNe
The main result of this paper is the confirmation of IRAS 16333−4807 as a H2O-PN. This is the fifth object that is considered a bona fide H2O-PN. As mentioned above, it was previously thought that H2O maser emission could not be present in PNe. However, a population of such sources is now being uncovered. The presence of H2O masers in PNe may not be such a rare case after all, but it could represent a usual but short phase in the evolution of some types of PNe.
Although the known number of this type of sources is still scarce, such number is growing, and now we can start to study them as a group. Their most outstanding common characteristic is that all five H2O-PNe have bipolar morphologies in their infrared and/or optical images. So, H2O-PNe might pertain to a usual phase in the evolution of bipolar PNe.
Other than that, among the five H2O-PNe there are some interesting differences, although there is a relatively homogeneous subgroup of three of them (IRAS 19255+2123 (K3−35) , IRAS 17347−3139, and IRAS 16333−4807) that may be considered as representative. These three sources are all strongly obscured, and their H2O maser emission appears close to the central star, probably tracing a circumstellar torus. We note that the H2O masers at the tips of the bipolar lobes observed in IRAS 19255+2123 (K3−35) have not been seen in subsequent observations of the source (de Gregorio-Monsalvo et al. 2004 ) which suggests that this particular characteristic could be a transient phenomenon in H2O-PNe. Moreover, these are the only three H2O-PNe in which the photoionized gas traced by the radio continuum emission shows a bipolar morphology similar to that seen in optical and infrared images. Gómez et al. (2008) and Suárez et al. (2009) proposed a simple evolutionary schema for H2O masers in evolved stars (5−8 M ⊙ ), considering their location in the nebula and their radial velocities. First, in the AGB phase, low-velocity H2O maser emission arises from the spherical shell. Later on, during the late AGB or post-AGB phase, the anisotropic massloss starts, which is characterised by H2O masers tracing high-velocity jets, marking the entrance in the "water fountain" phase. In some water fountains there are also masers tracing equatorial structures (Imai 2007) , in addition to the ones along jets. The next phase would be the one in which water fountain jets are quenched, while H2O masers survive only in dense equatorial regions.
Considering this evolutionary schema, among the five known H2O-PNe, IRAS 15103−5754 would be clearly younger than the rest, since its maser emission still traces the collimated jets typical of "water fountains". The subgroup of H2O-PNe, IRAS 19255+2123 (K3−35), IRAS 17347−3139, and IRAS 16333−4807, would be in a somewhat later evolutionary stage. Finally, IRAS 18061−2505 would be more evolved since it is completely visible in the optical (Suárez et al. 2006) , showing at this wavelength the central star and two bipolar lobes with a total extension of ≃ 45 arcsec (≃ 59000 au at the distance of 1.3 kpc).
CONCLUSIONS
In IRAS 16333−4807, the detected H2O masers are associated with the radio continuum emission at 1.3 cm and are observed towards the centre of the object. The properties of IRAS 16333−4807 indicate a PN nature, making it the fifth known PN with H2O maser emission. The object shows a bipolar morphology, as the other four H2O-PNe. This result further supports the idea that H2O masers in PNe are not the remnant of masers in the AGB phase but are excited by energetic phenomena associated with the formation of PNe.
In IRAS 12405−6219, the H2O maser emission is not associated with the radio continuum emission at 1.3 cm. The available data strongly indicates that this object is an H ii region rather than a PN.
